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Abstract 
Chemical-Looping Combustion (CLC) is a combustion technology with CO2 capture that 
is characterized by its low energy penalties because the CO2 separation is inherent to the 
process. The CLC concept is based on the transfer of oxygen from the combustion air to 
fuel by means of an oxygen carrier (OC) in the form of a metal oxide.  The OC circulates 
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between two interconnected reactors, the fuel (FR) and the air reactor (AR).  To scale up 
the CLC process for industrial application OCs materials suitable to work at high 
temperatures are needed.  Cu-based OCs had been proved to fulfil the requirements for an 
OC material, although operating temperatures lower than 1073 K has been recommended 
due to its likely agglomeration problems.  In this work, several Cu-based OCs have been 
developed by impregnation on different supports. The supports were prepared by thermal 
or chemical modifications of commercial γAl2O3 with the aim of reduce the interaction 
with the metal oxide.  The behaviour of the OCs was studied in a CLC continuous unit of 
500 Wth during long-term tests using methane as fuel gas and high operation temperatures 
(1173K in the FR and 1223 K in the AR). The effect of the high FR and AR temperatures 
on the process performance was evaluated taking into account important aspects such as 
combustion efficiency, resistance to attrition, fluidization behaviour (no presence of 
agglomeration) and maintenance of the oxygen transport capacity and reactivity.  
Agglomeration or deactivation of the particles was never detected with neither of the 
oxygen carriers used.  At these high temperatures, stable operation for more than 67 h 
was feasible only using an oxygen carrier with γAl2O3 modified with NiO addition as 
support.  This is the first time that a Cu-based OC, prepared by a commercial 
manufacturing method, and used at 1173K in the FR and 1223 K in the AR exhibits such 
a good properties: high reactivity together with high mechanical durability and absence of 
agglomeration. This result opens new possibilities for the application of Cu-based 
materials in industrial-scale CLC processes. 
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1. Introduction 
 
In order to stabilize the CO2 concentration in the atmosphere, several measures must be 
taken. In most scenarios for the stabilization of atmospheric greenhouse gas 
concentrations between 450 and 750ppmv CO2, the Carbon Capture and Storage (CCS) 
will contribute 15–55% to the cumulative mitigation effort worldwide until 2100 1 . The 
CCS is a process involving the separation of CO2 emitted by industry and energy-related 
sources, and the storage for its isolation from the atmosphere over the long term.  
Chemical Looping Combustion (CLC) process has been suggested among the best 
alternatives to reduce the economic cost of CO2 capture using fuel gas 2 and to increase 
the efficiency with respect to other CO2 capture process 3.  In this process, CO2 is 
inherently separated from other combustion products, N2 and unused O2, through the use 
of a solid oxygen carrier (OC) and thus no energy is expended for the separation.   
 
The CLC process has been demonstrated for gaseous fuels such as methane or natural 
gas in 10-140 kWth  units using Ni or Cu-based oxygen carriers 4-8 and for syngas 
combustion using Co, Ni or ilmenite as oxygen carriers 9. 
 
A cornerstone in the successful development of a CLC system is the OC, which is 
composed of a metal oxide and a support. The OC besides having a high reactivity with 
the gas fuel and air during many cycles of reduction-oxidation and full fuel conversion to 
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CO2 and H2O, must meet other characteristics such as low attrition, no agglomeration 
during fluidized bed operation, and no carbon deposition.  Among the different metal 
oxides proposed in the literature for the CLC process, Cu-based oxygen carriers have 
shown high reaction rates and oxygen transfer capacity 10, and have no thermodynamic 
restrictions for complete fuel conversion to CO2 and H2O. In addition, the use of Cu-
based oxygen carriers has less environmental problems and costs than other materials 
used for CLC process such as nickel, cobalt, etc.  
 
Several Cu-based OC has been developed using different supports and preparation 
methods 10-14. Our research group at the Instituto of Carboquímica (CSIC) has undertaken 
several studies using oxygen carriers based on copper. Potential Cu-based oxygen carriers 
were prepared using different supports 10. It was found that the optimum preparation 
method for Cu-based oxygen carriers was the impregnation on a support 15.  Later, the 
preparation conditions and oxygen carrier characteristics were optimized to avoid the 
agglomeration of the Cu-based materials during their operation in a fluidized bed 16.  
Based on these findings, a Cu-based oxygen carrier support on γ-Al2O3 was finally 
selected to test its behaviour during 200 h of continuous operation in a 10 kWth CLC 
prototype using methane as fuel at 1073 K in both FR and AR 6.  A waste management 
study using Cu-based materials coming from this CLC plant concluded that the solid 
residues generated in a CLC plant using Cu-based materials can be classified as a stable 
non-reactive hazardous waste, acceptable at landfills for non-hazardous wastes 17.  
Additional work has been recently carried out to test the behaviour of this oxygen carrier 
in a CLC continuous unit of 500 Wth using syngas as fuel 18 or methane containing 
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variable amounts of light hydrocarbons (LHC) or H2S 19, 20. It was found that the OC can 
fully convert syngas or methane at 1073 K and no special measures should be adopted 
due to the presence of LHC in the fuel gas. With respect to the presence of H2S in the fuel 
gas,it was found that the great majority of the sulphur fed into the system was released in 
the gas outlet of the FR as SO2, affecting only to the quality of the CO2 produced.  
 
To summarized, Cu-based oxygen carrier supported on γ-Al2O3 had been proved to 
fulfil the requirements for an OC material, although operational temperatures lower than 
1073 K were always used in the FR. This temperature was recommended to avoid 
agglomeration problems derived from the use of temperatures near to the melting point of 
metal, 1358K for metallic Cu. However, an increase in the operation temperature would 
increase the efficiency of the whole process. 
 
There is a concern about how to integrate the CLC process in a power plant 
maximizing the net efficiency 21-25.  Naqvi and Bolland, (2007) proposed a CLC 
combined cycle with a 45.1 % of net plant efficiency at 1173 K with close to 100 % of 
CO2 capture.  It is well known that in a thermal process, increasing the inlet gas 
temperature in the gas turbine increases the net efficiency of the process.  An increase of 
200 K in this temperature could cause an increase in the net plant efficiency until values 
about 49.7 %.  However, these authors proposed a CLC combined with reheat in the air 
turbine at relatively low and safe oxidation temperature (1173 K) resulting in a 49% of 
net plant efficiency. This efficiency is higher than conventional combined cycle with 
90% of CO2 capture (48.6%). 
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To scale up the CLC technology information about the high temperature resistance of 
the oxygen carriers is needed.  By temperature resistance is meant the ability to withstand 
high temperature without defluidizing or agglomerating, with low attrition rate and stable 
reactivity.  Agglomeration problems are particularly important working with Cu-based 
OC as it was pointed out before 11, 26 due to the low melting temperature of the metallic 
Cu. In addition, the attrition rate of the oxygen carriers is another important parameter to 
be accounted as a criterion for using a specific material in a fluidized bed reactor.  High 
attrition rates will decrease the lifetime of the particles increasing the cost of the CLC 
process.   
 
There are in the literature very few works dealing with the temperature resistance of the 
Cu-based OC. de Diego et al., (2005) used a CuO/γ-Al2O3 oxygen carrier at 1223 K in a 
batch fluidized bed reactor during 20 reduction and oxidation cycles.  They found that the 
behaviour of the oxygen carrier with respect to chemical stability and reactivity was 
satisfactory despite the high temperature used, although a small number of cycles were 
carried out. Very recently, 27  have analyzed the behaviour of this CuO/γ-Al2O3 oxygen 
carrier during long-term tests at FR temperatures up to 1173 K and AR temperatures up 
to 1223 K under continuous operation in a CLC unit 500 Wth.  They found that both TFR 
and TAR had a great influence on the resistance to attrition of the particles. Stable 
operation for more than 60 h was feasible at TFR =1073 K and TAR = 1173 K without 
agglomeration problems or deactivation of the carrier. However, an increase of 100 K in 
the AR temperature operation produced a reduction in the particle lifetime from 2700 to 
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1100 h. It was indicated that a support with a minimized interaction with the metal oxide 
might be useful to increase the temperature resistance of copper-based oxygen carriers.  
 
It is well known that the support has a great influence on the behaviour of the oxygen 
carriers 10, 15, 28.  de Diego et al. (2005) and  Gayán et al. (2008) found that an increase in 
the calcination temperature of an γ-alumina support produced a decrease on the attrition 
rate due to the phase transformation of γ-Al2O3 to α-Al2O3, a more stable phase.  
Moreover, MgAl2O4 offer a desirable combination of properties like high melting point, 
high resistance to chemical attack, and high strength at elevated temperatures 29 and it has 
been used as support for oxygen carriers with satisfactory results 28, 30.  On the other 
hand, Adánez et al., 2006 31 studied the behaviour of different Ni-Cu oxygen carriers 
using alumina as support in a batch fluidized bed working at 1123K.  They found that to 
have a stable and low attrition rate at high temperature was necessary the existence of a 
minimum amount of NiO (about 4 wt. %) in the oxygen carrier to stabilize the CuO 
phase.  
 
In this paper, several Cu-based oxygen carriers were prepared by incipient wet 
impregnation using different supports. Various routes to minimize the CuO interaction 
with the support were studied using commercial γ-alumina as material support and 
introducing modifications via thermal or chemical pre-treatment with Mg or Ni oxides. 
The influence of the support on the high temperature behaviour of the different Cu-based 
oxygen carriers was analyzed during long-term test in a 500 Wth CLC unit under 
continuous operation using methane as fuel and high temperatures both in FR, 1173 K 
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and in AR, 1223 K. The influence of the support on the combustion efficiency, attrition 
rate and material agglomeration was investigated. Changes in particles with respect to 
reactivity, chemical composition and physical characteristic were also analyzed. 
According to a literature review, this is the first time that the performance of different 
Cu-based oxygen carriers was evaluated during long-term test at so high temperatures. 
 
2. Experimental 
 
2.1. Preparation of oxygen carrier 
 
Different oxygen carriers were prepared by incipient wet impregnation method using 
CuO as active phase and γ-Al2O3, α-Al2O3, MgAl2O4, and NiO/γ-Al2O3 as supports.   
Supports. Commercial γ-Al2O3 particles (Puralox NWa-155, Sasol Germany GmbH) of 
300-500 µm with a density of 1.3 g/cm3 and a porosity of 55.4% was used as raw 
material to prepare the different supports. Thermal or chemical pre-treatment of this γ-
Al2O3 were used in the preparation of the modified supports. The thermal treatment was 
carried out by sintering the γ-Al2O3 in a furnace at 1423 K during 2 h. An α-Al2O3 
support with a density of 2 g/cm3 and a porosity of 47.3% was obtained. 
The chemical pre-treatment consisted in precoating the support with MgO or NiO. 
MgAl2O4 as support was obtained by incipient wet impregnation on γ-Al2O3 with 
Mg(NO3)2.6H2O (>99.5 % Panreac) solution.  The corresponding MgO content  (27 
wt.%) was achieved by applying successive impregnations followed by calcination at 823 
K in air atmosphere for 1 h to decompose the impregnated nitrate.  Finally, the support 
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was stabilized in air atmosphere at 1073 K during 1 h to obtain a support with complete 
conversion of alumina into MgAl2O4.  The NiO/γ-Al2O3 support was obtained by 
incipient wet impregnation on γ-Al2O3 with Ni(NO3)2.6H2O (>99.5 % Panreac) solution 
followed by calcination at 823 K to obtain a support with 3 wt.% of NiO. 
 
Oxygen carriers. Cu-based OCs were prepared by the addition of a volume of saturated 
copper nitrate solution corresponding to the total pore volume of the support particles. 
The aqueous solution was slowly added to the support particles, with thorough stirring at 
room temperature. The desired active phase loading was achieved by applying successive 
impregnations followed by calcination at 823 K, in air atmosphere for 30 min in a muffle 
oven to decompose the impregnated copper nitrate into copper oxide. Finally, the oxygen 
carrier was stabilized in air atmosphere for 1 hour at 1123 K.   The main characteristics of 
the Cu-based oxygen carriers are showed in Table 1.  The different OCs were named as 
Cu-γAl, Cu-αAl, Cu-MgAl and Cu-NiAl, according to the support used in the 
preparation.    
 
2.2. Oxygen carriers characterization 
 
Fresh and after-used samples of the oxygen carriers were physically and chemically 
characterized by several techniques. The reactivity of the OC was determined by TGA 
techniques using CH4 as fuel 32. The oxygen transport capacity, defined as the mass 
fraction of oxygen that can be used for the oxygen transfer, was determined by 
thermogravimetric analysis using H2 as fuel. This property is calculated as Ro,OC = (mox - 
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mred)/mox, where mox and mred are the weights of the oxidized and reduced forms of the 
oxygen carrier, respectively.  The determination of particle size diameter (PSD) was 
made with a LS 13 320 of Beckman Coulter equipment. The system allows the PSD 
determination ranging from 0.04 to 2000 microns.  The bulk density of the oxygen carrier 
particles was calculated weighting a known volume of solid and assuming that the void 
was 0.45 corresponding to loosely packed bed. The specific surface area was estimating 
by the Brunauer-Emmett-Teller (BET) method  using a Micromeritics ASAP 2020. The 
porosity was measured by Hg intrusion in a Quantachrome PoreMaster 33. The force 
needed to fracture a particle was determined using a Shimpo FGN-5X crushing strength 
apparatus. The crushing strength was taken as the average value of at least of 20 
measurements. The identification of crystalline chemical species was carried out by 
powder X-Ray Diffraction (XRD) in a Bruker AXS D8 Advance, equipped with 
monochromatic beam diffracted graphite, using Ni-filtered “Cu Kα” radiation.  
Temperature-programmed reduction (TPR) studies were performed in an AutoChem II 
Micromeritics equipment, using 150 mg of sample.  Each sample was heated in a 10% 
H2/Ar flow (50 cm3/min) from 323 K to 1323 K at 10 K/min.  TPR analysis was used to 
provide information on the reducibility species of the carrier. The microstructures of the 
particles and element distribution in the solid were observed by a Scanning Electron 
Microscopy (SEM) in a Hitachi S-3400 N, with an Energy Dispersive X-Ray (EDX) 
analyzer Röntec XFlash of Si(Li). To analyze the internal section of the particles, some 
particles were embedded in resin, cut with a diamond blade and polished. 
 
2.3. CLC continuous unit of 500 Wth 
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Figure 1 show a schematic diagram of the reactor system, located at “Instituto de 
Carboquímica” (CSIC). The facility used in this study is a CLC continuous unit of 500 
Wth composed of two interconnected fluidized bed reactors. Detailed information about 
the prototype and operating procedure used can be found elsewhere 18.    
 
The fuel reactor (A) and the air reactor (C) are separated by a loop seal (B) to avoid 
mixing fuel and air. The solids from the AR are transported by a riser (D), recovered by a 
cyclone (E) and returned to the FR trough a solids valve (G) that controls the solid 
circulation rate and also acts as a loop seal. The diverting solids valve (H) can measure 
this circulation rate. Moreover, the composition of both outlet streams is analyzed using 
on-line specific gas analyzers. Fine particles produced by attrition were recovered in the 
filters placed downstream of both reactors. The prototype allowed the collection of solid 
material samples from the AR at any moment from the diverting solid valve (H), and 
from the FR at the end of the test. 
 
The solid inventory in the plant was about of 1.2 kg of OC.  The inlet gas flow in the 
FR was 260 lN/h corresponding a gas velocity of 0.14 m/s, which was about 2.5 times the 
minimum fluidization velocity of the particles. The fuel gas in the FR was methane 
diluted in nitrogen. Nitrogen was used as a fluidizing agent in the bottom loop seal (45 
lN/h).  Air was used as fluidizing gas in the AR. To achieve complete oxidation of the 
reduced oxygen carrier in the AR, the air was divided into the fluidizing gas in the 
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bottom bed (720 lN/h), allowing high residence times of the particles, and into the 
secondary air in the riser (150 lN/h) to help particle entrainment.   
 
2.3.1. Combustion tests 
 
Long-term CLC tests under different operating conditions were carried out at high 
temperature both in the FR (TFR = 1173 K) as in the AR (TAR = 1223 K) using Cu-based 
oxygen carriers and methane as fuel. Table 2 shows a summary of the operating 
conditions used in each test.  FR and AR temperatures were kept constant during overall 
operation for each test using the same batch of oxygen carrier particles.  The duration of 
the tests were fixed to be long enough to analyze the effect of temperature on the physical 
and chemical characteristics of the particles and make a reliable estimation of the particle 
lifetime at those conditions. Some tests should be early stopped due to operational 
problems caused by the amount of fines generated.  More than 50 h in hot conditions 
were carried out in those tests where operation of the plant was possible.  A total of about 
of 209 h at hot condition in the CLC continuous unit 500 kWth were carried out in this 
work, of which 176 h corresponded at combustion conditions with methane.  
 
Moreover, the effect of the operating conditions on the combustion efficiency was also 
analysed in each test. Thus, the effect of the oxygen carrier to fuel ratio, φ, on the 
combustion efficiency was carried out varying the fuel concentration but keeping all the 
other experimental conditions constant. It must be pointed out, that although during the 
first 10 h of operation the experiments were carried out at different power inputs, the 
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solids inventory in the FR (≈ 0.2 kg) and the air flow in the AR were maintained 
constant. The remaining operation time was carried out at constant operating conditions 
corresponding to those of complete combustion of methane. 
 
Air flow into the AR was maintained constant for all tests remaining always in excess 
over the stoichiometric oxygen demanded by the fuel gas. The air ratio, λ defined in Eq. 
(1), ranged from 1.0 to 1.5 depending on the fuel flow. 
 
4CH
air
2F
0.21F
  
demand Oxygen
flow Oxygen
  ==λ  (1) 
 
The combustion efficiency was defined as the ratio of the oxygen consumed by the gas 
leaving the FR to that consumed by the gas when the fuel is completely burnt to CO2 and 
H2O.  So, the ratio gives an idea about how the CLC operation is close or far from the full 
combustion of the fuel, i.e. ηc = 100%.  
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where Fin is the molar flow of the inlet gas stream, Fout  is the molar flow of the outlet 
gas stream,  and xi is the molar fraction of the gas i corresponding to the inlet or outlet.  
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The oxygen carrier to fuel ratio (φ) was defined by Eq. (3), where FCuO is the molar flow 
rate of the copper oxide and 
4CH
F is the inlet molar flow rate of the CH4 in the FR. A 
value of φ = 1 corresponds to the stoichiometric CuO amount needed for a full conversion 
of the fuel to CO2 and H2O: 
4CH
CuO
F 4
F
=φ  (3) 
 
3. Results and discussion 
 
The four different Cu-based oxygen carriers have been tested in a CLC continuous unit 
of 500 Wth at high temperatures using methane as fuel during long-term tests. The results 
are presented analyzing the influence of the FR and AR temperatures and oxygen carrier 
to fuel ratio on the combustion efficiency and on the behaviour of the OC with respect to 
material agglomeration, attrition rate and particle integrity with the different OCs. 
 
3.1. Combustion efficiency 
 
To analyze the behaviour of the different Cu-based oxygen carriers during methane 
combustion at high temperature, several tests under continuous operation were carried out 
at different φ values (see Table 2).  The steady-state for the different operating conditions 
was maintained at least for two hours in each test.  
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Fig. 2 shows the effect of the oxygen carrier to fuel ratio, φ, on the combustion 
efficiency at TFR = 1173 K and TAR = 1223 K with the different OCs.  In all cases an 
increase in φ produces an increase in the combustion efficiency. All Cu-based OCs 
achieved full conversion of methane at low φ values (φ > 1.2). This result showed the 
high reactivity of all OCs, independently of the support used.  
 
3.2. Oxygen carrier behaviour  
 
Besides full combustion, other aspects like agglomeration, attrition, reactivity, and 
oxygen carrier properties should be considered to evaluate the behaviour of the different 
oxygen carriers during tests at high temperature. 
 
3.2.1. Agglomeration 
 
As discussed above, the oxygen carriers based on copper have been rejected as 
candidates for the CLC system because could present agglomeration problems 11, 26.  
Despite this background, de Diego et al. (2005) found suitable preparation conditions to 
avoid this phenomenon and thus take benefit of its main advantages: high oxygen 
transport capacity and reactivity, complete combustion to CO2 and H2O without 
producing CO or H2, exothermic reactions both in oxidation and in reduction, together 
with a moderate cost and low toxicity.  
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The Cu-based OCs used in this work were manufactured following the preparation 
conditions that avoid agglomeration problems indicated by de Diego et al., 2005, that is, 
low CuO content (< 20 %) and low calcination temperature (< 1123 K). Agglomeration 
problems in the CLC continuous unit can be detected by pressure drop measurements.  If 
agglomeration occurred, the gas flow passed through preferential pathways drastically 
decreasing the bed pressure drop, and reducing the amount of active oxygen-carrier 
material.  However, in spite of that the high operation temperatures used in the 
experiments, agglomeration or defluidization of the reactors (FR or AR) were never 
detected.  SEM micrographs of used samples extracted at the end of the experiments from 
both FR and AR for the different OCs confirmed that individual particles maintained 
their original shape without formation of bridges between particles.  Figure 3 shows that 
no substantial morphological changes were detected and particles remained independent. 
These results are very relevant for the future use of Cu-based materials as oxygen carrier 
for CLC technology taking into account the high temperatures used in the tests (TFR = 
1173 K, and TAR = 1223 K ). 
 
3.2.2. Attrition rates 
 
Attrition and/or fragmentation of particles were analyzed during continuous long-term 
tests at high temperature.  Abrasive attrition and fines generated from the fragmentation 
of particles are two possible mechanisms of fines generation that can occur in fluidised 
beds. The occurrence of fragmentation can be deduced from changes in the particle size 
distribution (PSD) of the samples recovered from the CLC system during each long-term 
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test.   The particle size distribution of both fresh and extracted particles from the reactors 
at the end of the test for each oxygen carrier were compared.  It was found that all used 
particles do not exhibit much evidence of fragmentation, thereby indicating that fines are 
generated primarily by abrasive attrition. 
 
Particles elutriated from the fluidized bed reactors during operation were recovered in 
the filters and weighted to determine the attrition rate.  The loss of fines was defined as 
the loss of particles smaller than 40 µm 33.  Particles of sizes > 40 µm recovered in the 
filters were recycled into the system.   
 
Attrition rate (A), was defined by Eq. (4), where wf is the weight of elutriated particles 
< 40 µm during a period of time, wt  is the weight of total solids inventory and ∆t is a 
period of time during the particles were collected.   
100
. tw
w
A
t
f
∆
=  (4) 
 
Attrition rate is a useful measure to estimate the lifetime of particles. Fig. 4 shows the 
evolution with time of the attrition rate during the operation in the CLC continuous unit 
of 500 Wth with the different OCs. The generation of fine particles was high at the 
beginning of the operation for the OCs prepared using γ-alumina (Cu-γAl), MgAl2O4 
(Cu-MgAl) and NiO/γAl2O3 (Cu-NiAl), due to the rounding effects on the irregularities 
of the particles and fines stuck to the particles during preparation.  The OC prepared 
using α-alumina as support (Cu-αAl) has a very low initial attrition rate. This can be due 
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that this OC has the highest crushing strength (see Table 1) due to the thermal treatment 
at high temperature during support preparation. Later, the attrition rate due to the internal 
changes produced in the particles by the successive reduction and oxidation cycles during 
operation at high temperatures (TFR = 1173 K and TAR = 1223 K) presented different 
behaviour depending on the OC. 
 
The Cu-γAl and Cu-αAl OCs presented an abrupt increase of the generation of fines 
after 20 h of operation resembling that the particles had chunked.  The amount of fines 
was too high and forced to stop operation in the plant. The Cu-MgAl OC had a stable 
attrition rate, although with a high value (0.2 wt. % / h) corresponding to a particle 
lifetime of 500 h. It can be seen from Fig. 4 that only with Cu-NiAl OC the system was 
running satisfactorily around 67 h, with a stable and low value of the attrition rate (0.04 
%), giving an estimation of the particle lifetime around 2700 h. This value is comparable 
to the one calculated for a CuO-γAl2O3 oxygen carrier during 100 h of operation in a 10 
kW CLC pilot plant, although working at lower temperatures (1073 K) in both reactors 34.  
As it can be inferred from these results, an increase of 100 K in the TFR and 150 K in TAR 
can be done without a detrimental effect on the particle lifetime.  The reasons of the high 
attrition rates obtained with the OCs prepared on γ-alumina, α-alumina, and MgAl2O4 as 
supports will be discussed later. 
 
3.2.3. Reactivity 
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Since in every cycle of CLC process the oxygen carrier undergoes important chemical 
and structural changes at high temperature, substantial changes in the reactivity with the 
number of cycles might be expected.  The CuO content in the particles recovered in the 
filters and in the different samples taken at the outlet of the AR during operation was 
determined in TGA using H2 as reduction gas.  The CuO content in the particles 
recovered in the filters was significantly higher than that in the corresponding fresh 
oxygen carrier particles. On the other hand, the CuO content of the samples taken at the 
outlet of the AR decreased as the operation time increased for all the OCs used. Table 3 
shows the final CuO content measured in samples extracted from the AR at the end of the 
test for each OC. Figure 5 shows the evolution with time of the CuO content of the 
samples extracted from the AR during operation at high temperature for the different 
OCs. As can be observed, a decrease in the final value of the CuO content was obtained 
for all the different OCs. At the beginning, the CuO content sharply decreased for all 
samples; however, after 15 h of operation, the CuO content of the oxygen carriers 
decreased until a relatively constant value for the rest of the operation time. It must be 
pointed out the important decrease in the CuO content measured with the Cu-MgAl OC. 
In a previous work, Adánez et al. (2006) using CuO-γAl2O3 particles in a 10 kWth unit 
operated at lower temperatures (TFR = 1073 K and TAR = 1073 K) measured a loss of CuO 
content in the particles taken at the outlet of the AR as the operational time increased. 
The results found in this work agreed with those found by Adánez et al. (2006), which 
attributed the copper lost to the erosion of the CuO grains present in the external surface 
of the fresh particles. Similar reason can be adduced here. 
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The CuO content reduction measured for all OCs during the operation in the CLC plant 
produced a decrease in the oxygen transport capacity of the OCs and might be changes in 
the reactivity. However, in spite of the reduction in the oxygen transport capacity, full 
combustion efficiency for φ > 1.2 were always reached in the CLC continuous unit during 
operation.  Figure 6 shows the conversion curves obtained in TGA at 1073 K, using a 
mixture of 15 vol %CH4, 20 vol % H2O, and 65 vol % N2 in the fresh oxygen carrier and 
in samples taken at the end of the different tests, corresponding also to different operation 
times. Some differences in the reduction reactivities were observed depending on the 
support used.  After-used Cu-γAl and Cu-αAl OCs maintained their high reactivity. Cu-
MgAl and Cu-NiAl OCs presented a decrease in the reduction reactivity, being more 
significant for Cu-MgAl OC.  This fact could be due to the great copper sintering process 
that these particles experienced after being used at high temperature, as was corroborated 
by SEM.  However, in all cases, the used particles were fully reduced below 60 s, and 
showed very high oxidation reactivities, indicating that particles maintain its high 
reactivity after operation at high temperatures in the CLC unit.   
 
3.2.4. Characterization of Cu-based oxygen carriers 
 
To analyze the results obtained regarding the effect of FR and AR temperatures on the 
behaviour of the particles, physical and chemical properties of the oxygen carrier 
particles coming from the AR, and from fines recovered in the filters at the FR and AR 
outlet streams were compared to those of fresh particles. Table 3 shows the main 
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properties of the different materials after used in the CLC continuous unit of 500 Wth 
during long-term tests.   
 
Porosity.  Figure 7 shows the pore size distribution of the fresh and after used oxygen 
carriers at the end of the test.  It can be seen in fresh OCs that the thermal pre-treatment 
of the γAl2O3 to produce αAl2O3 increase the mean pore size from ∼12 nm to ∼100 nm, 
decreasing the porosity and  the specific surface area of the corresponding OC (see Table 
1).  The chemical pre-treatment of the γAl2O3 to produce MgAl2O4 (27 %) and NiOAl2O4 
(6 %) hardly affected the pore size distribution of γAl2O3. However, the value of the 
porosity and specific surface area decreased in the case of Cu-MgAl due to the several 
numbers of calcinations required to produce this OC. At the end of the tests, the pore size 
distribution of the different samples had changed considerably with respect to the fresh 
particles with the full disappearance of 12 nm pores. The mean pore size shifted towards 
pores of higher size, indicating the presence of macro pores inside the particles. The 
major change in porosity (from 50 % to 58 %) corresponds to the Cu-γAl OC. Changes in 
porosity are related with changes in the oxygen carrier bulk density, consequently the 
majority of the OCs presented a minor decrease of this characteristic. 
 
Specific surface area.  Fresh Cu-αAl OC had a very low specific surface area 
compared to the other fresh OCs. This decreased is associated with the formation of α-
Al2O3 during the calcination process of the γ-Al2O3.  
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The BET specific surface area of all used OCs decreased.  The decrease for Cu-γAl, 
Cu-MgAl, and Cu-NiAl OCs was due to that thermal sintering occurred inside the 
particles due to the high operational temperatures used in FR and AR.  
 
Crushing strength.  The evolution with time of the crushing strength of the different 
OCs particles at high operation temperature was measured from samples extracted from 
the AR.  Figure 8 shows the effect of the support on the crushing strength at different 
operation times.  The fresh OCs had notably different crushing strength, being the 
corresponding to CuO-αAl2O3 the highest and two times than the corresponding to Cu-
MgAl. It can be seen that the support used to prepare the different OCs had an important 
effect on the crushing strength evolution of the particles. Cu-γAl and Cu-αAl presented a 
fast and important decrease of this property, with a value of less than 1N for the Cu-γAl 
OC after 25 h of operation.  However, Cu-MgAl, and Cu-NiAl OCs had a smooth 
decrease, with a value of 1.7 N and 2.1 N respectively at the end of operation at high 
temperature. Although the relation between crushing strength and particle lifetime is not 
well established, it is believed that values considerably lower than 1N might be too soft 
for long-time circulation 35. Moreover, although fresh CuO-αAl2O3 particles had the 
highest crushing strength of the different OCs (4.6 N), the attrition rate measured in the 
long term test was very high and operation was stopped after 30 h.  Therefore, the initial 
values of the crushing strength of the OC particles are not a suitable characteristic to 
evaluate the particle lifetime in the process.  As it was found in this work, the support 
used in the OC manufacture strongly affects to the fluidization behaviour of the OC. 
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Crystalline phases.  Powder XRD patterns of the fresh carriers, shown in Table 1, 
revealed the presence of CuO, and the corresponding support (γ-Al2O3 or α-Al2O3  and 
MgAl2O4) as the main crystalline phases for fresh OCs.  The interaction of copper with 
the support is revealed through the formation of copper aluminate, CuAl2O4, in Cu-γAl, 
Cu-αAl, and Cu-NiAl OCs. MgAl2O4 and NiAl2O4 are also present in the corresponding 
OCs.  
 
Powder XRD  analysis of samples extracted from the AR and collected at the outlet of 
the AR and FR streams at the end of each long-term test are also showed in Table 3.  The 
powder XRD patterns of the used samples revealed the transformation of the γ-Al2O3 to 
α-Al2O3 in both Cu-γAl and Cu-NiAl OCs as a most stable phase at high temperature, 
explaining the observed evolution of the textural properties of the used particles.  A new 
copper aluminate, CuAlO2, was detected in used particles of Cu-γAl and Cu-αAl.  
Reduced CuO phases, Cu2O and Cu, were detected in all the samples collected in the 
filter at the outlet of the FR. Oxidized compounds of copper (CuO and copper 
aluminates) were only found in the samples coming from the AR and from the AR filter, 
verifying that the oxygen carrier reached always full oxidation state in the AR. 
 
The XRD spectra of Cu-MgAl OC revealed that some MgO compound is present in the 
used samples extracted from the AR.  MgO may be formed by the following solid state 
reaction favoured at temperatures around 1273 K 36: 
 
MgAl2O4 + CuO  CuAl2O4 + MgO (5) 
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The presence of MgO indicated that some copper aluminate could have been formed 
during operation, although the phase CuAl2O4 is undistinguished of the MgAl2O4 phase 
by XRD analysis.  
 
As it can be seen, similar crystallite compounds to the fresh OCs particles were 
detected in the correspoding used samples. This fact revealed that the attrited material is 
composed both of copper compounds and of support.   
 
A possible cause of the high attrition found in Cu-γAl and Cu-αAl OCs, could be the 
formation of a new phase (CuAlO2) found in used samples, both in oxidized and reduced 
samples.  The formation of this copper aluminate in air atmosphere is favoured as 
temperature increases 37.  However, it is unstable at temperatures below 1273 K, and may 
decompose by the following chemical reactions 38: 
 
8CuAlO2 + O2  4CuAl2O4 +2 Cu2O (6) 
4CuAlO2 + O2  2CuAl2O4 +2 CuO (7) 
 
Moreover, this copper aluminate was not previously detected in samples after 100 h of 
operation in a 10 kWth unit operated at lower temperatures (TFR = 1073 K and TAR = 1073 
K) using a CuO-γAl2O3 OC 34.  Therefore, the formation and dissociation of this 
metastable compound in particles operated at high temperature might increase the 
attrition of the particles. 
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Temperature-programmed reduction. The identification of the formation of NiAl2O4 in 
the fresh and after used Cu-NiAl
 
particles should be carried out by TPR analysis due to 
XRD technique only detects crystalline phases with a content higher of 5 %. Therefore, 
TPR analyses of fresh and used particles of the different OCs were performed to 
determine the reducible species and the temperature at which the reduction of these 
species occurs.  Figure 9 shows the different TPR profiles measured for the fresh and 
after used OCs particles. The TPR spectra showed several H2 consumption peaks. The 
peak in the temperature range of 473–573 K is attributed to the reduction of dispersed 
and bulk CuO species 39.  The peak in the temperature range of 623–773 K is attributed to 
the reduction of CuAl2O4 39. The reduction of CuAlO2 phase has a high temperature peak 
around 1033 K 36. The high temperature peak at 1073–1273 K is associated with the 
reduction of Ni2+ in NiAl2O4 40 .  
 
Similar profiles were measured for the different OCs both fresh and after used. Fresh 
OCs presented a main peak corresponding to the reduction of CuO compound. After used 
OCs presented two main peaks attributed to CuO and CuAl2O4 reductions and a minor 
peak around 973 K corresponding to CuAlO2 phase 36. In this sense, TPR profiles are 
consistent with XRD data which indicate the presence of both CuO and CuAl2O4 as main 
phases in most of the samples and a minor existence of CuAlO2 compound. The presence 
of NiAl2O4 in the Cu-NiAl OC was revealed by the high temperature peak characteristic 
of the reduction of this phase in both fresh and after-used particles. The chemical pre-
treatment of the γAl2O3 with NiO to form partially the stable NiAl2O4 structure in the Cu-
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NiAl OC could help to increase the temperature resistance of the particles and to reduce 
the attrition rate of this OC. 
 
SEM-EDX analysis.  Samples of the different OCs extracted from the AR at different 
operation times were also analyzed by SEM to determine changes produced in the 
structure of the solid materials during operation. Moreover, some particles were 
embedded in resin, cut, polished and analyzed by EDX.  Images of cross sections of fresh 
and after used particles at the different tests and operation times are shown in Figure 10.  
Fresh particles exhibited an outer shell of CuO, specially Cu-γAl and Cu-MgAl
 
OCs.  
However, this layer had disappeared after a few hours of operations due to attrition 
during operation. This fact was confirmed by EDX analysis and agreed with the CuO loss 
measured in after-used particles (see Table 3). 
 
SEM analysis showed important structural changes for Cu-γAl, Cu-αAl, and Cu-MgAl 
OCs. An increase in the CuO grain size can be observed in these OCs, being especially 
important for Cu-MgAl OC. This copper sinterization could be due to operation at high 
temperature (TFR = 1173 K, TAR = 1223 K). Moreover, Cu-γAl and Cu-αAl particles 
experienced considerable degradation and have started to break apart through the crack 
formation around 20 h of operation.  Although the exact mechanism of formation of these 
structural defects is unidentified, the sintering of copper and the formation of the 
metastable CuAlO2 compound could help to chunk the particles.    
 
 28 
SEM images confirm that the Cu-NiAl particles maintain their structural integrity and 
original homogeneity after more than 67 h of operation at high temperatures. The EDX 
analysis revealed the uniform distribution of Al, Cu and Ni inside the particles. The 
presence of NiAl2O4 in the Cu-NiAl OC structure could help to avoid the sintering 
process of Cu inside the particles and to reduce the attrition rate of this OC.  
 
4. Discussion  
 
The design of a CLC industrial unit must consider both operational and environmental 
aspects regarding to the selection of the oxygen carrier.  According to the experimental 
work herein carried out, all Cu-based OCs developed can be used at TFR=1173 K and 
TAR=1223 K without agglomeration problems or deactivation of the carrier with a 
complete combustion of the fuel working at oxygen carrier to fuel ratios above ≈1.2, 
which corresponds to a solid circulation rate of ≈4.0 kg s-1 per MWth. Being the 
maximum circulation rate of solids about 16 kg s-1 per MWth 41, the optimal operation 
conditions (φ > 1.2) could be easily reached in an industrial CLC system using Cu-based 
oxygen carriers.  
 
From the operational point of view, in a CLC process an increase in the oxidation 
temperature boost the inlet gas temperature in the turbine, improving in this way the net 
plant efficiency. According to the experimental results, the OC prepared using 
NiO/γAl2O3 as support can be used at TFR=1173 K and TAR=1223 K without any 
operational problems. Operational cost related with the oxygen carrier renovation should 
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be taking into account.  High attrition rates will decrease the particle lifetime increasing 
the cost of the CLC process.  Table 4 shows the number of the replacement times by year 
necessary for the different OCs. This value was calculated from the particle lifetime 
corresponding to the final value of the attrition rate measured at the operation conditions 
used in this work.  The values obtained in previous works with the CuO-γAl2O3 OC after 
100 h of operation in a 10 kWth unit operated at lower temperatures (TFR = 1073 K and 
TAR = 1073 K) and after 63 h of operation in a 500 Wth at high AR temperature (TFR = 
1073 K and TAR = 1173 K) have been included for comparison purposes 27, 34.  It can be 
seen that Cu-NiAl OC had a low attrition rate and the highest particle lifetime (2700 h) 
even working at high temperatures.  As can be inferred from these results, an increase of 
100 K in the TFR and 150 K in TAR can be done with the same replacement of the material 
that working at 1073 K in both reactors with the CuO-γAl2O3 OC. 
 
In addition, Cu-based OC have always been rejected as best candidate for the CLC 
process due to its agglomeration problems and its restricted operational temperatures.  
The results found in this work show that Cu-based OC can be used at higher temperatures 
than referred before without any operational problems.  This is the first time that a Cu-
based OC, prepared by a commercial manufacturing method, and used at 1173K in the 
FR and 1223 K in the AR exhibits such a good properties (high reactivity together with 
high mechanical durability and absence of agglomeration). This result opens new 
possibilities for the application of Cu-based materials in industrial-scale CLC processes. 
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Nevertheless, the OC developed in this work with high temperature resistance contains 
a low amount of NiO (3 wt.%).  Some drawbacks are derived from this NiO content, an 
expensive metal oxide with important health and environmental hazards. By the one 
hand, the use of NiO, more expensive than CuO, would increase the costs of the oxygen 
carrier manufacture.  By the other hand, it would be necessary a waste management 
analysis of this OC due to the environmental risks of Ni. Although in a previous work 17, 
it was found that the solid waste generated in a CLC process working with CuO-γAl2O3 
OC can be classified as a stable nonreactive hazardous waste acceptable at landfills for 
nonhazardous wastes, the presence of a small fraction of NiO or NiAl2O4 in the residue 
would required more detailed studies.  
 
5. Conclusions 
 
Several Cu-based oxygen carriers have been developed by impregnation on different 
supports (γAl2O3, αAl2O3, MgAl2O4, and NiO/γAl2O3). The supports were prepared by 
thermal or chemical modifications of commercial γAl2O3 with the aim of reduce the 
interaction with the metal oxide. The influence of the support on the high temperature 
behaviour of the different Cu-based oxygen carriers was analyzed during long-term test 
in a 500 Wth CLC unit under continuous operation using methane as fuel and high 
temperatures both in FR, 1173 K and in AR, 1223 K.  The behaviour of the different OCs 
on the process performance was evaluated taking into account important aspects such as: 
combustion efficiency, resistance to attrition, fluidization behaviour (no presence of 
agglomeration) and maintenance of the oxygen-carrying capacity and reactivity. A total 
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of 209 h in hot conditions were carried out, of which 176 h corresponded at combustion 
conditions with methane.  
 
Complete fuel combustion was reached at φ > 1.2 with all OCs. Moreover, in spite of 
the high temperatures used in the tests, agglomeration or defluidization of the bed were 
never detected in reducing or oxidation conditions with any of the OCs used in this work.  
 
Cu-γAl and Cu-αAl OCs had an abrupt increase of the attrition rate resembling that the 
particles had chunked and Cu-MgAl OC had a high attrition rate. On the other hand, Cu-
NiAl OC had a low and stable attrition rate after 67 h of operation at high temperature, 
maintaining its structural integrity and original homogeneity. The presence of NiAl2O4 in 
the Cu-NiAl OC structure could help to avoid the sintering process of Cu inside the 
particles and to reduce the attrition rate of this OC.  It was concluded that a Cu-based OC 
prepared using γAl2O3 as support modified with a small NiO addition is adequate to 
operate without attrition or agglomeration problems in the CLC process at high 
temperature. 
 
This is the first time that a Cu-based OC, prepared by a commercial manufacturing 
method, and used at 1173K in the FR and 1223 K in the AR exhibits such a good 
properties: high reactivity together with high mechanical durability and absence of 
agglomeration. This result opens new possibilities for the application of Cu-based 
materials in industrial-scale CLC processes. 
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Tables  
Table 1.   Properties of the fresh Cu-based OCs. 
Table 2.   Experimental conditions of the long-term tests in the CLC continuous unit of 
500 Wth. 
Table 3.   Properties of the after used Cu-based OCs.  
Table 4.   Summary of the particle lifetime and the replacement times/ year for different 
OCs at different operating temperatures. 
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Table 1.   Properties of the fresh Cu-based OCs. 
 Cu-γAl Cu-αAl Cu-MgAl Cu-NiAl 
CuO content (wt%) 14.2 15 12 12.8 
Oxygen transport capacity 
Ro,OC (%) 
2.86 3.02 2.41 2.57a 
Particle size (µm) 300-500 300-500 300-500 300-500 
Porosity (%) 50 45 40 54 
Specific surface area BET 
(m2/g) 
91.3 6.8 53 91.4 
Bulk density (g/cm3) 1.7 2.2 1.9 1.6 
Crushing strength ( N) 2.9 4.6 2.1 3.1 
Crystalline phases CuO 
CuAl2O4 
 
γAl2O3 
CuO 
CuAl2O4b 
 
αAl2O3 
CuO 
 
MgAl2O4 
 
CuO 
CuAl2O4 
NiAl2O4b, c 
γAl2O3 
a
 NiO as inert.  b Minor amount   c Identified by TPR 
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Table 2.   Experimental conditions of the long-term tests in the CLC continuous unit of 
500 Wth. 
Oxygen carrier TFR TAR φ CH4 a tcombustion 
 (K) (K)  (%) (h) 
Cu-γAl 1173 1223 1.0 - 1.4 25 - 35 29 
Cu-αAl 1173 1223 1.0 - 1.4 20 - 30 30 
Cu-MgAl 1173 1223 1.0 - 1.4 20 - 30 50 
Cu-NiAl 1173 1223 1.0 - 1.5 20 - 30 67 
a
 N2 was used for balance 
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Table 3.  Properties of the after used Cu-based OCs.  
OC Cu-γAl Cu-αAl Cu-MgAl Cu-NiAl 
Operation time 29 h 30 h 50 h 67 h 
CuO content (wt %) 13 12.6  8.5  10.6  
Oxygen transport capacity 
Ro,OC (%) 
2.62  2.53 1.71 2.13 a 
Porosity (%) 58 49 43 41 
Specific surface area BET 
(m2/g) 
6.8 2.9  4.9 4.9  
Bulk density (g/cm3) 1.5  2.0  2.0  2.1  
Crushing strength ( N) 0.6  1.8  1.7  2.0  
 
Crystalline phases, particles 
from AR 
 
CuO 
CuAl2O4 
 
αAl2O3  
 
CuO  
CuAl2O4   
 
αAl2O3  
 
CuO  
 
MgO 
MgAl2O4  
 
CuO 
CuAl2O4   
NiAl2O4b   
αAl2O3  
 
Crystalline phases, particles 
from FR filter 
 
Cu 
CuO 
Cu2O 
 
Cu  
CuO  
Cu2O 
 
Cu  
CuO  
Cu2O  
 
Cu  
CuO  
Cu2O 
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CuAl2O4  
 
αAl2O3  
CuAl2O4 
CuAlO2  
αAl2O3  
 
 
MgAl2O4  
CuAl2O4  
 
αAl2O3  
 
Crystalline phases, particles 
from AR filter 
 
CuO 
        
CuAl2O4 
CuAlO2  
 
αAl2O3  
 
CuO 
      
CuAl2O4  
CuAlO2  
 
αAl2O3  
 
CuO  
 
 
 
MgAl2O4  
 
CuO  
CuAl2O4  
 
NiAl2O4b 
αAl2O3  
a
 NiO as inert.  b Identified by TPR 
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Table 4.   Summary of the particle lifetime and the replacement times/year for different 
OCs at different operating temperatures. 
 Cu-γAla Cu-γAlb Cu-MgAl Cu-NiAl 
Temperatures FR – AR 1073-1073 1073-1173 1173-1223 1173-1223 
tcombustion (h) 100 63 50 67 
Attrition rate (%/h) 0.04 0.09 0.20 0.04 
Particle lifetime (h) 2500 1100 500 2700 
Replacement times / year c  3.4 7.8 17.3 3.2 
a
 de Diego et al., 2007 34  b Forero et al., 2010 27  c n=8640/particle lifetime 
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Figure captions 
Figure 1. Schematic diagram of the Chemical-Looping Combustion continuous unit of 
500 Wth. 
Figure 2. Effect of the oxygen carrier to fuel ratio on the combustion efficiency for the 
different OCs.  TFR= 1173 K ,TAR= 1223 K.  
Figure 3.  SEM micrograph pictures of after-used particles for the different Cu-based 
OCs. 
Figure 4.  Attrition rates vs. time of the different Cu-based OCs.  TFR= 1173 K, TAR= 
1223 K. 
Figure 5.  CuO content vs. time curves of the different Cu-based OCs. TFR= 1173 K, 
TAR= 1223 K. 
Figure 6.  Solid conversion vs. time curves in TGA for a) reduction and b) oxidation 
reactions of fresh and after-used Cu-based OCs particles.  Reduction: CH4 = 15%, H2O = 
20%, N2 = 65%.  Oxidation: air. T=1073 K 
Figure 7. Pore size distributions of a) fresh and b) after-used Cu-based OCs . 
Figure 8. Crushing strength evolution of the different Cu-based OCs. 
Figure 9.  H2-TPR profiles of the fresh and after-used Cu-based OCs.  
Figure 10.  SEM pictures of cross sections of fresh and after-used particles at different 
operation times for the Cu-based OCs. 
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Figure 1.  Schematic diagram of the Chemical-Looping Combustion continuous unit 
of 500 Wth. 
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Figure 2.  Effect of the oxygen carrier to fuel ratio on the combustion efficiency for the 
different OCs.  TFR= 1173 K ,TAR= 1223 K.  
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Figure 3.  SEM micrograph pictures of after-used particles for the different Cu-based 
OCs.  
 
 
 
Cu-γAl (29h)         Cu-αAl (30 h)  
Cu-MgAl (50 h)    Cu-NiAl (67 h) 
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Figure 4.  Attrition rates vs. time of the different Cu-based OCs.  TFR= 1173 K, TAR= 
1223 K. 
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Figure 5.  CuO content vs. time curves of the different Cu-based OCs. TFR= 1173 K, 
TAR= 1223 K. 
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Figure 6.  Solid conversion vs. time curves in TGA for a) reduction and b) oxidation 
reactions of fresh and after-used Cu-based OCs particles.  Reduction: CH4 = 15%, H2O = 
20%, N2 = 65%.  Oxidation: air. T=1073 K 
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Figure 7. Pore size distributions of a) fresh and b) after-used Cu-based OCs. 
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Figure 8. Crushing strength evolution of the different Cu-based OCs. 
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Figure 9.  H2-TPR profiles of the fresh and after-used Cu-based OCs.  
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Figure 10.  SEM pictures of cross sections of fresh and after-used particles at different 
operation times for the Cu-based OCs. 
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